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Abstract

Background —Right ventricular (RV) contractile reserve shows promise as an indicator of
occult RV dysfunction in pulmonary vascular disease. We investigated which measure of RV
contractile reserve during exercise best predicts occult RV dysfunction and clinical outcomes.

Methods —We prospectively studied RV contractile reserve in 35 human subjects referred for
right heart catheterization for known or suspected pulmonary hypertension. All underwent cardiac
magnetic resonance imaging, echocardiography, and supine invasive cardiopulmonary exercise
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testing with concomitant RV pressure-volume catheterization. Event-free survival was
prospectively adjudicated from time of right heart catheterization for a 4-year follow-up period.

Results —RV contractile reserve during exercise, as measured by a positive change in end-
systolic elastance (Ees) during exertion, was associated with elevation in pulmonary pressures but
preservation of RV volumes. Lack of RV reserve, on the other hand, was tightly coupled with
acute RV dilation during exertion (R2=0.76, P<0.001). RV Ees and dilation changes each predicted
resting RV-PA dysfunction. RV ejection fraction during exercise, which captured exertional
changes in both RV Ees and RV dilation, proved to be a robust surrogate for RV contractile
reserve. Reduced exercise RV ejection fraction best predicted occult RV dysfunction among a
variety of resting and exercise RV measures, and was also associated with clinical worsening.

Conclusions —RYV ejection fraction during exercise, as an index of RV contractile reserve,
allows for excellent identification of occult RV dysfunction, more so than resting measures of RV
function, and may predict clinical outcomes as well.

Keywords
pulmonary hypertension; heart ventricles; exercise

INTRODUCTION

Detecting occult right ventricular (RV) dysfunction remains an unmet need in pulmonary
vascular disease.! There exist many excellent markers of overt RV dysfunction, including
reduced RV ejection fraction (RVEF), RV dilation, and elevated right-sided filling pressures.
2 However, these measures all fail to identify the “at-risk” RV.! Better detection of occult RV
dysfunction would help clinicians identify at-risk patients, escalate therapies, and
prognosticate outcomes. RV contractile reserve has shown promise as a novel means of
detecting occult RV dysfunction,3-6 akin to how a stress test can identify coronary disease
undetectable at rest. For example, exercise augmentation of RV systolic pressure was shown
to predict outcomes in human pulmonary arterial hypertension (PAH).* However, existing
measures of RV reserve fall short, and none are ready for clinical use. For example, the
aforementioned example employs Doppler estimates of RV pressure, which are known to be
unreliable at rest and exercise.’

RV-pulmonary arterial (PA) coupling offers the most sensitive and precise way to measure
RV contractile reserve.8:8-11 RV-PA coupling is defined by RV Ees/Ea, or the ratio of RV
end-systolic elastance (Ees) to PA effective arterial elastance (Ea).1 RV Ees offers a load-
independent method of measuring intrinsic RV contractility, while Ees/Ea measures right-
sided ventriculo-arterial coupling.12-14 Using this framework, RV contractile reserve would
be defined by an increase in RV Ees during stress.2 RV-PA coupling, however, falls short in
its own ways. Gold-standard measurement of RV-PA coupling, for example, involves
conductance catheter measurement of “multi-beat” RV Ees, a method that remains costly
and impractical.1® That said, lessons learned from such measurements could yield novel
ways of characterizing RV contractile reserve. Therefore, in this prospective study of
humans with pulmonary vascular disease, we leveraged multi-beat measurements of Ees/Ea
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at rest and exercise in order to study exercise RV contractile reserve, with the ultimate goal
of finding a more clinically accessible way to detect impaired RV reserve.

From 2013-2016, we prospectively studied 35 human subjects referred for resting and
exercise right heart catheterization (RHC) for the evaluation of known or suspected PH.
Eligible and consenting subjects underwent cardiac magnetic resonance (CMR) imaging,
echocardiography, resting RHC, and invasive cardiopulmonary exercise testing (iCPET)
with concomitant RV PV loop catheterization. All patients provided informed consent, and
the research protocol was approved by the Johns Hopkins Institutional Review Board
(Protocol NA_00014540). PH and pulmonary arterial hypertension (PAH) were standardly
defined.1® Data can be made available upon reasonable request.

Clinical, Imaging, and Catheterization Measurements.

Baseline clinical characteristics were obtained from PH physician assessment at time of
RHC. On the study day, patients underwent transthoracic echocardiography, CMR, and RHC
with iCPET with supine bicycle ergometry and concomitant resting and exercise PV
measurements. The full protocol is previously outlined.® Briefly, following clinical RHC, the
8F internal jugular introducer sheath was replaced with a dual-entry 9F sheath to facilitate
simultaneous placement of a 5F PV conductance catheter (RP-CA-41103-PN, CD Leycom,
Netherlands) and 4F PA wedge catheter (Teleflex, Morrisville, NC). Resting RV PV loop
data were measured at end-expiration and during a Valsalva in order to calculate multi-beat
RV Ees.8 For the exercise RHC portion, patients lay supine and exercised using an
ergometer while both PV and PA wedge catheter remained. Continuous gas exchange was
measured via metabolic cart (Innocor, Innovision, Denmark). Exercise was performed using
a ramp protocol beginning at 15 Watts (W) in stage 1 and increasing in 10W increments
every 2 minutes until max effort. Pressures (averaged over the respiratory cycle), gas
exchange, and PV data were recorded at each stage.

PV analysis is previously described in full.8 A signal-averaged resting PV loop was
calibrated using resting CMR volume. Using an iterative process, end-systolic PV points
from a Valsalva series were obtained by maximizing the ratio P(t)/[V(t)-V0] of each cardiac
cycle. End-systolic PV points were then fit by perpendicular regression to derive RV Ees, or
the slope of the end-systolic PV relationship. This slope was applied to the end-systolic
point of the resting loop in order to determine VO, or the x-intercept of the resting end-
systolic PV relationship.6-8 Ea was calculated by dividing end-systolic pressure (ESP) by
stroke volume (SV), both obtained from the resting PV loop. RV Ees for each exercise stage
was calculated based on the slope between resting VO and the end-systolic PV point of each
exercise stage signal-averaged loop. Stroke volume, RVEF, and cardiac output were
calculated using PV-derived RV EDV and ESV. Figure 1 illustrates acquisition of resting and
exercise Ees and Ea for three representative subjects. Subjects were said to have RV
contractile reserve if the change in RV Ees during sub-maximal workload was >0 mmHg/ml.
Subjects were otherwise classified as having no RV contractile reserve.
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From study date onward, subjects were prospectively followed to assess time to clinical
worsening (TTCW), defined as the composite of right heart failure hospitalization, lung
transplantation, or death. These were modified from the typical events that constitute TTCW
in PAH studies,1” with some excluded because not all had PAH. All subjects were followed
for four years or until clinical worsening.

Statistical Methods.

RESULTS

Continuous variables were reported as mean * standard deviation; proportions used where
relevant. To determine the effect of RV contractile reserve, exercise timepoint, and their
interaction term on hemodynamic variables (see Figure 2), multilevel mixed-effects linear
regression was employed. Non-linear regression fit to an inverse hyperbolic curve was used
to compare RV Ees and RV end-diastolic volume (RVEDV). A non-parametric test for trend
was used to compare exercise RVEF tertiles (see Figure 4B). Univariate linear regression
was utilized to model the relationship and quantify the association between predictor
variables and resting RV-PA coupling (as indexed by Ees/Ea). When applicable, receiver
operator curve (ROC) analysis determined the area under the curve (AUC) for assessing Ees/
Ea<1.0. Multivariate regression was used to assess the ability of exercise RVEF to predict
Ees/Ea independently of other predictor variables. Cox proportional hazards modeling and
Kaplan-Meier survival analysis were used to analyze survival data. A two-sided P<0.05
denoted statistical significance.

Study population.

Table 1 summarizes baseline demographics, imaging, and hemodynamic characteristics. The
cohort comprised subjects with known PH or exertional dyspnea and suspicion of pulmonary
vascular disease referred for RHC. Subjects averaged 57+2 years of age and were
predominantly female (83%). The majority (69%) had World Health Organization (WHO)
group | PAH: 43% had connective tissue disease associated-PAH (CTD-PAH) while 26%
had idiopathic PAH. Beyond Group | PAH, another two had Group 11 or 111 PH (6%). Nine
subjects did not meet diagnostic criteria for any resting PH (26%), but of these nine, five met
criteria for exercise-induced PH.18 Among all subjects, most were either WHO functional
class l-111 (51% and 43% respectively). By CMR, average RVEF was 51+2%, a value
within normal range. Average RVEDV was 16048 ml. During resting RHC, the average
cardiac output (CO) was 5.1+0.3 L/min, mean PA pressure (mPAP) 34+2 mmHg, pulmonary
vascular resistance (PVR) 6.0+1.0 WU. Resting Ees/Ea was 0.96+0.09.

Effects of RV contractile reserve.

RV contractile reserve was defined by a positive change in RV Ees during exercise. In our
cohort, 20 subjects demonstrated RV contractile reserve while 15 subjects exhibited no RV
contractile reserve. The groups did not significantly differ with respect to demographics, PH
status or disease subtype, resting hemodynamics, or imaging (Supplementary Table 1).
Resting measures of RV function, including RVEF and the RV stroke volume-to-end-systolic
volume (SV/ESV) ratio,® were also similar (Supplementary Table 1).
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We next assessed how RV reserve affected pressure, flow, and resistance during exercise
(Figure 2). Mean PA pressures, wedge pressure, and output rose similarly with exercise, with
no difference between reserve groups. No statistical differences were detected in PVR
between groups or with exercise. End-systolic pressure (ESP) and effective arterial elastance
(Ea) both rose significantly with exercise, but did so similarly in both groups. RV Ees
augmented significantly in the group with contractile reserve, but stayed roughly unchanged
in the group without (P=0.64 versus baseline), as would be expected. Driven by a differential
Ees response to exercise, RV-PA coupling, as indexed by Ees/Ea, was also significantly
different between groups.

RV reserve groups differed more in their volumetric response to exercise. RV end-systolic
volume (ESV) and end-diastolic volume (EDV) increased significantly in the group without
RV contractile reserve. Stroke volume remained similar between groups. However due to the
dilation, RVEF in the cohort without RV reserve fell significantly during exercise, but
remained unchanged in the group with RV reserve. These volume differences were specific
to the presence or absence of RV reserve, and were not a function of a diagnosis of PH.
Given the relationship between RV contractile reserve and dilation we investigated the
relationship between them. Interestingly, we found that exercise changes in RV Ees and
RVEDV were closely related to one another in inverse fashion (P<0.001, R2=0.76, Figure 3).

RV contractile reserve correlates with occult RV dysfunction and clinical outcomes.

We next assessed the ability of RV contractile reserve to predict occult RV dysfunction. Both
RV contractile reserve, as measured by change Ees during exercise, and RV dilation were
significantly correlated to resting RV-PA coupling. Both also had reasonable ability to
predict occult RV dysfunction as defined by early RV-PA uncoupling (Ees/Ea<1.0) (Table 2).
Moreover, both were superior to resting measures of RV dysfunction (such as RVEF and SV/
ESV) in predicting early RV-PA uncoupling (Supplementary Table 2).

Clinically, however, measuring a change in RV Ees would be challenging. This prompted
investigation of a suitable replacement. Exercise RVEF simultaneously captures changes in
both RV dilation and RV Ees by reflecting changes in RVEDV and RVESYV, respectively.
Exercise RVEF also does not rely on pressure measurements. Given this, we tested the
capacity of exercise RVEF as an index of RV contractile reserve. Indeed, we found that sub-
maximal exercise RVEF (measured via PV loop at 25W workload) correlated well with
resting Ees/Ea (P<0.001, r=0.63, Table 2, Figure 4A); and remained predictive even when
adjusted for other univariate predictors (P=0.004, Table 3). Preserved exercise RVEF was
particularly good at identifying those with preserved resting Ees/Ea: once exercise RVEF
began to fall, average Ees/Ea fell below 1.0 (Figure 4B). Consistent with these, exercise
RVEF had good ability to discriminate occult RV dysfunction (Ees/Ea <1.0) with an
AUC=0.81 (Table 2 and Figure 4C). Based on Youden Index analysis, a sub-maximal
exercise RVEF of <38% optimally predicted RV-PA uncoupling, with 85% sensitivity and
77% specificity (Figure 4C). By contrast, a resting RVEF of <38% had 72% sensitivity and
0% specificity for detecting Ees/Ea <1.0 (data not shown).

We next tested whether reduced exercise RVEF correlated with clinical worsening. Over
four years, 5 subjects experienced 4 hospitalizations, 1 death, and 1 transplant. In Cox
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proportional hazards modeling, sub-maximal exercise RVEF predicted time to clinical
worsening [Hazard Ratio 2.5 per 10% decline in exercise RVEF; 95% CI(1.0, 6.6), P=0.05].
Lastly, the cohort was divided into two groups by the median exercise RVEF of 38% (Figure
4). Subjects with exercise RVEF <38% demonstrated increased propensity for clinical
worsening over 4 years (log rank P=0.014) (Figure 5).

DISCUSSION

Although RV contractile reserve shows clinical promise, it remains unclear how best to
measure it in the clinical setting.#6:20 In this prospective study, we utilize RV PV loop
measures during exercise to reveal poor RV contractile reserve correlates inversely with RV
dilation during exercise. Based on this observation, we found that exercise RVEF, which
captures exercise changes in RV ESV and RV EDV, respectively, proved to be an excellent
index of RV contractile reserve. Exercise RVEF correlated well with resting RV-PA
coupling, showed good ability to identify occult RV dysfunction (Ees/Ea<1.0) by ROC
analysis, and predicted important clinical outcomes. Exercise RVEF therefore demonstrates
potential as a clinical index of RV contractile reserve and occult RV dysfunction.

Currently available measures of RV dysfunction, such as RV dilation and systolic
dysfunction, are acquired when the RV is at rest. Because of RV adaptability, these measures
only become abnormal in the late disease, when the RV-PA unit is fully uncoupled (Ees/Ea
<0.8).2! This was well demonstrated by Dr. Tello and colleagues, who found that low resting
RVEF and decreased SV/ESV correlated well with Ees/Ea of <0.80 in human PAH.2 The
present study also found similar relationships between Ees/Ea and indices of resting RV
dysfunction—namely RVEF, SV/ESV, RA/PAWP, TAPSE,22 TAPSE/SPAP,23 and PAPi.24.25
However, none were able to identify early or occult RV dysfunction as measured by Ees/Ea
<1.0.

Beyond resting RV measures, stressing the RV to assess its contractile reserve can better
unmask early RV-PA dysfunction. The notion of a stress test to uncover occult dysfunction is
common in cardiovascular physiology, and routinely employed to unmask coronary artery
and valvular disease states. For the RV, exercise is a particularly suitable stressor, since it
augments venous return, chronotropy, and RV wall stress.® To accommodate these changes,
the RV must tap into its reserve to augment contractility.>26 Exercise is thus particularly
suited to uncover RV contractile deficits unseen at rest. RV contractile reserve proves
especially insightful in the setting of PH, where pathologic increases in pulmonary
resistance impose an even greater load on the RV.27

The present study shows that poor exercise RV contractile reserve and RV dilation were both
independently correlated to resting RV-PA uncoupling. Furthermore, exercise changes in RV
Ees and RVEDV were inversely related to one another. This link highlights a mechanism by
which subjects without RV contractile reserve are still able to maintain reasonable stroke
volume, but at the price of RV dilation, increased pressure-volume area, and wasted
mechanical work.12 Moreover, compensation only helped during early exercise. Reduced
peak performance in the poor RV reserve group suggests that these early-stage
compensatory mechanisms cannot sustain a full range of exercise tolerance.
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Exercise RVEF proved to be a simpler way to capture changes in both RV Ees and RVEDV.
Exercise RVEF was comparable to RV Ees in its ability to predict early uncoupling, and
furthermore was associated with clinical outcomes. The mechanistic relationship between
exercise RVEF, change in Ees, and RV dilation is illustrated in Figure 1. Subject A, who has
excellent RV contractile reserve, augments RV Ees; RVESV thus falls while RVEDV
remains stable. Therefore, subject A actually augments RVEF during exercise (SV/EDV
increases). Subject B has pulmonary vascular disease but still has RV contractile reserve.
There is a pathologic increase in Ea during exercise, but Ees augments as well, thereby
maintaining RV volumes and preserved RVEF. Subject C, on the other hand, lacks RV
contractile reserve. Thus, RV Ees fails to augment as Ea rises, leading to an acute increase in
RVEDV. The net effect is an acute decrease in exercise RVEF. All three subjects have
preserved RVEF at rest, but only the subject without RV contractile reserve drops RVEF
during exercise. These cases help to illustrate how exercise RVEF, by capturing EDV
changes and Ees-related changes in ESV during exercise, can identify occult RV dysfunction
unapparent based on resting RVEF alone.

Exercise RVEF in this study was measured using invasive PV loops. The current study does
not propose the clinical application of PV loop-derived exercise RVEF. Instead, our findings
serve as a proof of concept for future studies. Existing studies do suggest that we can
leverage non-invasive measurements of exercise RVEF. Exercise echocardiography as well
as 3-dimentsional echo have both been used to assess RV contractile reserve.#20:28 Exercise
testing with RV nuclear imaging has also been utilized: DeFaria Yeh and colleagues
demonstrated, using radionuclide imaging in adult congenital heart disease, that maximal
RVEF and RVEF augmentation strongly predicted adverse outcomes.2? Finally, CMR is
considered by many to be the best way to assess the RV, and MRI-compatible ergometers
allow for CMR use during exercise.39 Exercise CMR has also shown prognostic benefit in
PAH patients and other diseases.31-3* Future studies can and should prospectively test the
validity of non-invasive exercise RVEF in predicting early RV decline and clinically relevant
outcomes.

The present study may also impact clinical scenarios beyond pulmonary hypertension. A
measure of subtle RV dysfunction may prove useful in light of newly proposed definitions of
pulmonary vascular disease, which have lowered the mPAP cutoff to >20 mmHg.3%:36 Also,
emerging evidence suggests that RV reserve has prognostic and diagnostic value in left-sided
heart disease and management post-left ventricular assist device.37-39 Exercise RVEF may
thus prove useful in the assessment of occult RV dysfunction that could be unmasked if left
heart disease patients undergo interventions that place undue stress upon the RV.

Study Limitations.

Our study has several limitations. One limitation is sample size, which was a function of the
invasiveness of the study. While this raises the possibility of type Il error, it did not impact
our main conclusions. RVEF during exercise was measured using volumes derived from PV
catheterization, and not by exercise CMR. However, since resting PV loop volumes rely on
MRI-calibrated volume and there was no exercise shift of the PV catheter, these calculated
volumes were likely close to CMR-derived values. The VO from rest was applied to PV
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loops during exercise to calculate exercise changes in RV Ees. This is an assumption rooted
in the fact that VO for a given subject should not change acutely. This assumption did not
affect relative changes in volume during exercise. Finally, the study cohort included subjects
with a range of pulmonary vascular disease, including pulmonary arterial hypertension of
various sub-types, other forms of PH, and exercise-induced PH. While this added
heterogeneity to the cohort, it also helped to improve the range of RV contractile function
studied and broaden the generalizability of our RV reserve findings.

Conclusions.

Poor RV contractile reserve during exercise is associated with acute RV dilation. Exercise
RVEF, which captures changes in both RV end-systolic elastance and RV dilation during
exercise, proved to be an excellent index of RV contractile reserve. Exercise RVEF
correlated well with resting RV-PA uncoupling, predicted occult RV dysfunction, and
predicted clinical worsening. Exercise RVEF may thus prove to be a useful surrogate of RV
contractile reserve, and a predictor of occult RV-PA dysfunction as measured by early RV-
PA uncoupling. Future studies should test the ability of non-invasively measured exercise
RVEF to assess for occult RV-PA dysfunction and predict clinical outcomes.
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Refer to Web version on PubMed Central for supplementary material.
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V0 V-naught, or the x-intercept of the end-systolic elastance
slope

PV pressure-volume

RVEF RV ejection fraction
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FIGURE 1. Acquisition of resting and exercise RV pressure-volume loop measurements.
Resting exercise end-systolic elastance and effective arterial elastance were calculated, and

VO determined from the rest state. Subsequent PV loops obtained during exercise, in
combination with resting VO, were used to calculate Ees and Ea at each stage. Actual
pressure-volume loops shown for a subject with (A) excellent, (B) preserved, and (C) no RV

contractile reserve.
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FIGURE 2. Effect of RV contractile reserve and exercise on cardiopulmonary hemodynamics.
Cohort divided into those with (n=20) and without (n=15) RV contractile reserve during

exercise. * P<0.05 for significant change with exercise; # P<0.05 for significant group
difference; T P<0.05 for group-exercise interaction term. Overall, both groups saw similar
increases in pressures and flow. However, the RV reserve group preserved RV-PA coupling,
RV volumes, and RVEF, while those without RV reserve saw acute RV dilation, reduction in
stroke volume, and reduced RVEF. RV reserve therefore significantly influenced the effect
of exercise on RV volume changes.
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FIGURE 3. Relationship between Exercise Changes in RV End-Systolic Elastance and End-
Diastolic Volume.

Non-linear regression shows an inverse hyperbolic relationship between RV dilation (change
in EDV) and RV contractile reserve (change in Ees) during exercise.
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FIGURE 4. Exercise RVEF Correlates with Resting RV-PA Coupling and Predicts Early RV-PA
Uncoupling.

(A) Two-way scatter plot and correlation of Exercise RVEF and resting Ees/Ea (r=0.63,
P<0.001). (B) Full cohort split into tertiles of exercise RVEF; Ees/Ea (mean=SEM) shown
for each tertile. Only the highest (i.e., third) tertile of exercise RVEF had a preserved Ees/Ea;
even a small decline in exercise RVEF signifies worsening resting Ees/Ea. (C) Exercise
RVEF showed excellent ability for predicting occult RV dysfunction (Ees/Ea<1.0) with
AUC=0.81. Exercise RVEF <38% had optimal sensitivity (85%) and specificity (77%).
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FIGURE 5. Exercise RVEF predicts clinical worsening.
Cohort dichotomized by median exercise RVEF (38%). Subjects with exercise RVEF>38%

were free of clinical worsening over the 4-year follow-up period (log rank P=0.01).
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TABLE 1.

Demographics, Imaging, and Hemodynamic characteristics

Demographics

Age (years)

Female Sex (n, %)

Race (n, %)
Caucasian
African American

Other

Disease Characteristics
Disease subtype (n, %)
IPAH
CTD-PAH
PH, Group 2/3
No PH
WHO Functional Capacity
Class |
Class I
Class 11
Class IV

Cardiac MRI

LV ejection fraction (%)

RV ejection fraction (%)

RV end-diastolic volume (ml)
RV end-systolic volume (ml)
RV SV/ESV

RV mass (gm)

57.3 (13.9)
30/35, 86%

29/35, 83%
4/35, 11%
2135, 6%

9/35, 26%
15/35, 43%
2135, 6%
9/35, 26%

2135, 6%
18/35, 51%
15/35, 43%
0/35, 0%

62 (6)
51 (10)
160 (49)
80 (36)
1.13 (0.47)
27.2 (11.0)

Resting Hemodynamic Data
Resting heart rate (min™1)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Mean arterial pressure (mm Hg)
Body surface area (m?)

TD cardiac output (L/min)

PA O, saturation (%)
Hemoglobin (g/dI)

Right atrial pressure (mm Hg)
PA systolic pressure (mm Hg)
PA diastolic pressure (mm Hg)
Mean PA pressure (mm Hg)

PA wedge pressure (mm Hg)
PVR (Wood units)

RA/PAWP Ratio

LV Transmural Filling Pressure
Ees (mm Hg/ml)

Ea (mm Hg/ml)

Ees/Ea

VO (ml)

Cardiopulmonary Exercise Data
Exercise time (min)

Peak VO, (ml/min/kg)

VE/IVCO,

Maximum workload (W)

73 (12)
128 (18)
71 (12)

93 (12)
1.86 (0.24)
4.66 (0.99)
68 (5)
13.0 (1.8)
7(4)

56 (23)

21 (10)

34 (14)

10 (4)

6.0 (5.8)
0.67 (0.33)
3(3)

0.67 (0.39)
0.84 (0.57)
0.96 (0.52)
-6 (44)

79(4.1)
10.9 (2.9)
51.7 (19.7)
46 (22)

IPAH, idiopathic PAH; CTD-PAH, connective tissue disease-associated PAH; WHO, World Health Organization; MRI, magnetic resonance

Page 17

imaging; LV, left ventricular; SV/ESV, ratio of stroke volume to end-systolic volume; TD, thermodilution; PA, pulmonary arterial; PVR, pulmonary
vascular resistance; Ees, end-systolic elastance; Ea, effective arterial elastance; VO, x-intercept of Ees; peak VO2, peak oxygen consumption;

VE/VCO2, ventilatory efficiency.
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TABLE 2.

RV contractile reserve measures correlate to resting RV-PA coupling

Variable Beta-Coefficient r P-value AUC (Ees/Ea <1.0)
Change in RV Ees  0.204 057 <0.001 0.84
Change in RVEDV ~ -0.007 0.39 0.021 0.78
Exercise RVEF 2914 0.63 <0.001 0.81

Univariate regression modeling the association between exercise RV reserve measures and resting RV-PA coupling (Ees/Ea). If regression
significant, an area under the curve (AUC) for predicting early uncoupling (Ees/Ea <1.0) was calculated. Ees, end-systolic elastance; RV end-
diastolic volume, RVEDV; RVEF, right ventricular ejection fraction.
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TABLE 3.

Exercise RVEF predicts resting Ees/Ea independent of other predictors

Variable Beta-Coefficient
Exercise RVEF (25W)  2.460
Resting RVEF 0.003
TDCO (L/min) 0.142
VE/VCO, 0.001
PVR (Wood units) 0.813

Peak TDCO (L/min) 0.018
Intercept -1.037

Std. Error

0.787
0.008
0.131
0.004
0.023
0.024
0.759

P-value

0.004
0.690
0.288
0.988
0.577
0.449

95% Conf. Int.
0.842, 4.079
—-0.014, 0.021
-0.127, 0.410
—0.009, 0.009
—0.035, 0.615
—0.031, 0.068

Multivariate analysis reveals that exercise RVEF remains predictive of Ees/Ea independent of all other predictors of Ees/Ea. Variables that shared
collinearity with others (PAC, SV/ESV) were excluded. Thermodilution cardiac output (TDCO); VE/VCO2, ventilatory efficiency; PVR,

pulmonary vascular resistance.
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